ABSTRACT: We investigated the impact of land-cover changes on regional climate over the EuroMediterranean area. For this purpose, we compared a control simulation, which employs the presentday vegetation cover, with 2 different potential vegetation distributions performed with the regional climate model RegCM3 for the time period 1981-2000. The simulation results show how land-cover changes are able to modify both the thermodynamics and dynamics of the lower troposphere in central Europe, particularly during summer. Within some of the regions where land-cover change occurred, we found significant changes in heat fluxes, while weak changes were found in surface temperature and precipitation fields. Changes in vegetation composition modify the probability density function of the 2 m temperature, and hence land-cover changes may have a strong impact on extreme events. 
INTRODUCTION
Land-use and land-cover changes (LCCs) affect the local, regional and global climate system through biogeophysical and biogeochemical processes (Pielke et al. 2007 ) that modify surface-atmosphere exchanges of momentum, energy and greenhouse gases as well as surface roughness (Xue & Shukla 1993 , Xue & Shukla 1996 , Fahey & Jackson 1997 , Betts 2001 , Pitman 2003 , Nosetto et al. 2005 , Findell et al. 2007 , Pielke et al. 2007 .
The feedback mechanisms between the land surface and the atmosphere have been increasingly investigated during last decade due to increasing computational power. Therefore, in order to study the potential impacts of LCCs on local climate, the simulations performed by general circulation models (GCMs) can be complemented by the use of regional climate models (RCMs); in fact, the coarse resolution of the GCMs limits their capability to capture mesoscale features that play a pivotal role in regional dynamics (Giorgi & Mearns 1991 , Christensen et al. 1997 , Gaertner et al. 2001 , Seneviratne et al. 2006 .
Recent studies suggest that in continental midlatitudes, soil plays a similar role to that of the ocean, but instead of storing heat, it stores water during the wet season and moistens the atmosphere by evapotranspiration during the dry season (Heck et al. 2001 , Koster et al. 2004 . Some GCM studies suggest that in Europe the summer (dry season) soil moisture anomalies do not have a substantial impact on precipitation (Koster et al. 2004 , Seneviratne et al. 2006 . Nevertheless, regional climate simulations emphasize the importance of soil moisture-temperature and soil moisture-precipitation feedbacks in influencing summer climate variability in Europe (Christensen et al. 1997 , Ruti et al. 1998 , Seneviratne et al. 2006 ). These differences between GCM and RCM results might come from the different parameterizations of individual processes and the amplification of the differences by the nonlinearity of the models. However, it is important to note that RCMs provide an increase in resolution and can capture physical processes and feedbacks occurring at regional or local scales that GCMs are not able to describe due to the coarse resolution. As such, RCMs are highly suited for regional studies.
Vegetation cover, particularly over Europe, has changed markedly over the last few centuries due to human activities converting forests into arable land or pasture. This has, in turn, had a considerable influence on regional climate (Reale & Shukla 2000) . Potential resulting impacts from vegetation changes include changes in the radiation budget via the surface albedo and changes in the hydrological cycle mainly in terms of evapotranspiration, precipitation and runoff (Findell et al. 2007) .
Several attempts to study and quantify the effect of LCCs on climate exist for Europe. Dumenil- Gates & Ließ (2001) found a slight cooling at the surface (1 K) related to the increased surface albedo that, in turn, reduced the input from net solar radiation at the surface, and reduced precipitation during the summer as a result of less evapotranspiration of plants in a deforestation experiment. The opposite was found for an afforestation experiment. For winter, no significant signals have been found due to the strong influence of the mid-latitude baroclinic disturbances (Dumenil-Gates & Ließ 2001) . Sanchez et al. (2007) performed a simulation where they substituted trees with grass, and found a significant decrease in summer precipitation of up to 3 mm d -1 due to lower evapotranspiration and an increased surface temperature of up to 3 K. In Heck et al. (2001) , afforestation caused a maximum cooling of 2 K during May, while during August a warming of 1 K was observed. This sign reversal is a direct consequence of the faster springtime drying out of the soil moisture in the afforestation simulation. Owing to deeper roots and larger leaf area, transpiration in the afforestation simulation is increased during spring, leading to a moister and cooler spring. Higher evapotranspiration rates lead to a faster springtime drying out of the soil than in the control run. Consequently, by the middle of July, soil moisture has reached a critical low value in the afforestation simulation and evaporation is inhibited, while exchanges of sensible heat are enhanced. From this moment onward, evapotranspiration and soil moisture loss are larger in the control run and the sensitivity of latent heat and soil moisture loss to vegetation changes sign, leading to a drier and warmer summer. For precipitation, however, no significant differences were found. In general, these examples reveal that the magnitude, location and direction of changes vary among studies and appear to be dependent on the specifics of the land model parameterization (Findell et al. 2007) .
The aim of the present study was to corroborate previous results while exploring new LCC patterns. For this purpose we examined the changes in regional climate as a consequence of both anthropogenic deforestation, occurring mainly in eastern Europe where there is a progressive substitution of natural forests with crops (Middleton & Thomas 1997) , and a potential natural vegetated state. The potential natural landcover distribution approximates the land-cover conditions that would exist in the absence of human disturbances (Reale & Shukla 2000) . To achieve this objective we imposed different land covers as boundary conditions to the hydrostatic regional climate model RegCM3.
A further objective of the present study was to analyze the impact of LCCs on weather extremes. The European heat wave of summer 2003 has received considerable attention both because of its potential link to larger-scale warming patterns (e.g. global warming) and because of the extensive loss of life (Fouillet et al. 2006 , Zaitchik et al. 2006 . Several studies found that this regional heat wave was quite unique in comparison to the instrumental climate record (Schär et al. 2004) . It is also been shown that the amplitude of the heat wave could be amplified by land surface preconditioning (Ferranti & Viterbo 2006 , Vautard et al. 2007 ).
Here we assessed the influence of LCCs on surface temperature extremes.
METHODS

Model description
In order to assess the impacts of LCCs on regional climate, we performed 3 different simulations conducted with a regional climate model. The experiments differ solely in the definition of land-use category in terms of type of vegetation cover. We used the regional climate model RegCM3, a primitive equation, hydrostatic, compressible, σ -vertical coordinate model initially developed by Giorgi (1990) and Giorgi et al. (1993a,b) and then modified by Giorgi & Mearns (1999) and Pal et al. (2000) . RegCM3 is widely used for regional climate simulations both in the standalone version and coupled to the ocean (Artale et al. 2009) . A detailed description of key model features can be found in Pal et al. (2007) . We ran the model from 1981 to 2000 using the first year as spin up. A 20 yr simulation ensured that we would see how surface climate changes with respect to land cover changes, while we found that a 1 yr spin up was enough to initialize the soil moisture.
The model domain was centered around Italy at 41°N and 15°E and was projected on a Lambert conformal grid covering almost all of Europe (except northern Scandinavia and Iceland) and North Africa; the domain covers 160 × 150 grid points in the longitudinal and latitudinal directions, respectively, with a horizontal resolution of about 30 km. At this fine resolution, the main topographic features of the domain are captured; the model domain and topography are shown in Fig. 1 . We set vertical coordinates to 18 σ levels with the top at 50 hPa.
Lateral boundary conditions, required to run the model, were provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data (ERA40, Uppala et al. 2005 ) with a resolution of 2.5 × 2.5°; these were interpolated via the relaxation method described by Giorgi et al. (1993b) into the model lateral buffer zone. RegCM3 also requires sea surface temperature (SST) as a boundary condition, which is interpolated into the model grid from the corresponding 1°NOAA fields (Reynolds et al. 2002) .
Several simulations have been performed in the Euro-Mediterranean area using RegCM3; a detailed description of the model performances for the present climate can be found in Giorgi et al. (2004) , Jacob et al. (2007) and Artale et al. (2009) .
Potential vegetation
The exchange of heat, water and momentum between soil, vegetation and atmosphere is simulated in RegCM3 by the hydrological process model Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al. 1993) . BATS divides the land surface into 18 types (Fig. 2) and the soil into 12 types (Dickinson et al. 1993) . These 18 classes of land cover are used to define a wide variety of land surface, hydrological and vegetation properties; each vegetation class, in fact, has associated values of roughness length, albedo, leaf area index, rooting depth and the fraction of water extracted by the roots (Dickinson et al. 1993) . As for the 12 soil types, each of these has associated values of porosity, minimal soil suction and moisture content relative to saturation (Dickinson et al. 1993) .
The surface vegetation and land-use types were obtained from a global data set derived by the US Geological Survey from satellite information (Loveland et al. 1991) ; each grid element is assigned a dominant type of land cover (Dickinson et al. 1993) .
We performed 3 simulations to assess the impacts of LCC on regional climate. In the first experiment (Fig. 2a) , the Global Land Cover Characterization (GLCC; Loveland et al. 2000 ) data set was used, which represents the presentday vegetation cover (i.e. control, CTL) over Europe. The second simulation ( Fig. 2b ) consisted of a deforestation scenario (DEF): starting from the GLCC data set, we substituted all the forests and trees below 800 m with crops and/or mixed farming. This simulation may be representative of the LCC occurring mainly over eastern Europe (Fig. 2b) , where there is a progressive deforestation leading to a substitution of forests with crops (Middleton & Thomas 1997) . The third simulation (Fig. 2c ) was an afforestation scenario (AFF) which considered a potential natural land-cover distribution that approximates the land-cover conditions that would exist in the absence of human disturbance (Reale & Shukla 2000) .
RESULTS
Comparison of domain-averaged climate
At the soil level, the faster and significant response to LCCs occurred in the surface energy budget, mainly in summer. The European winter climate, on the other hand, was influenced by synoptic-scale disturbances which were advected into the model domain through its lateral boundaries. Most plant activity is expected to take place in summer, as are the interaction mechanisms that take place between vegetation and climate. As a consequence, vegetation-induced effects cannot locally accumulate to substantial amplitudes in winter, and only weak changes were found. In light of this, we decided to consider the summer only in further analysis.
The differences (and relative changes) in domainaveraged latent heat and sensible heat fluxes between the different experiments and the CTL run are presented in Table 1 . It is noteworthy that these differences (and relative changes) are weak, and significant only in the case of sensible flux. This result was partially expected because the mean over all the land points of the domain and the entire period of simulation produce a smoothing for these variables and only a small difference from the CTL run. The interannual variability in domain-averaged latent and sensible heat fluxes for the 3 different experiments are shown in Fig. 3 . The time series show a similar behavior between CTL, DEF and AFF simulations, with marked interannual variability. The LCCs modulate the amplitude of the sensible and latent heat fluxes, leaving unchanged the interannual variability, which is mainly driven by the general circulation (i.e. lateral boundary conditions). Furthermore, an increase in latent heat flux corresponds to a decrease in sensible heat flux, according to the Bowen ratio conservation.
However, the overall averaging shown in Fig. 3 and Table 1 could hide local significant changes of the surface fluxes induced by LCCs. Since the main significant changes between the control run and the DEF and AFF simulations are expected where the LCC occurs, we selected 2 different continental regions (northeast Europe [NE] and central Europe [CE] ) that fall where deforestation and afforestation are taking place (NE: 20°to 30°E, 52°to 56°N; CE: 0°to 20°E, 48°to 52°N). Over these small domains, we averaged the latent heat and sensible heat fluxes as well as net radiations, and computed a probability density function (PDF) for these variables.
In the following analysis, the summer PDFs of the 2 experiments (except NE-DEF latent heat, see also Table 2 ) significantly differed from the control run PDFs (Kolmogorov-Smirnov test: p < 0.05).
For the NE area, the latent heat flux of the CTL run (Fig. 4a) shows a slight bimodality with a main peak at around 100 W m -2 and a secondary peak at 80 W m -2 . This bimodality is mainly due to the soil moisture con- ditions: the soil moisture is in a wet state at the beginning of the summer season (June, July), while it switches to a dry state in August, and the soil moisture depletion strongly limits the evaporation. The soil moisture PDF (data not shown) does not feature a strong bimodality, but a unimodal behavior characterized by a peak at 25 mm (uppermost layer) and a heavy lower tail. Computing the same moisture PDF excluding August, the heavy lower tail disappears, highlighting the impact of the August dryness. The same behavior occurs for the latent heat flux: June-July values peak at 100 W m -2 , while the August value peaks at 80 W m -2 . It is also noteworthy that the total PDF of the latent heat flux shows a bimodal behavior (Fig. 4a) , while the total PDF of the soil moisture is essentially unimodal. The non-linearity in the parameterization used in BATS to compute the evaporation enhances the soil moisture difference between June-July and August, producing the bimodal distribution.
The PDF of the NE-DEF latent heat flux (Fig. 4a ) shows a similar shape as the NE-CTL, but with a slight shift toward higher values and a reduced frequency in comparison to the NE-CTL mean peak and an increased upper tail. Taking into consideration the relation between wind speed and heat fluxes, the increase in wind speed related to the decrease of roughness length provides a favourable condition for the exchange of latent heat flux between land and atmosphere (Suh & Lee 2004) . Also, the different winter soil moisture conditions related to the substitution of mixed forests with crops can explain the shift toward higher values in the latent heat PDF. Since deforestation reduces stomatal resistance, roughness length and root depth (Table 2) , the winter evapotranspiration is de-96 1982 1984 1986 1988 1990 1992 1994 1996 1998 creased (data not shown). Furthermore, in spring the soil is nearly saturated owing to snow melt in the area where deforestation occurs. Consequently, the winter evaporation reduction leads to a greater amount of water in the soil during the summer season in NE-DEF, and hence the latent heat PDF shows a slight shift toward higher values.
As for the sensible heat flux, the PDF of the NE-CTL is unimodal with a mean of about 35 W m -2 , while deforestation reduces both the mean value and the standard deviation (Fig. 4b) . The sensible heat flux reduction could compensate for the latent heat flux increase, i.e. the Bowen ratio is changed while the energy input is kept constant. Concerning the sensible heat flux reduction, the surface drag coefficient, which was reduced in the DEF simulation (Table 2) , limits the turbulence production, and consequently the mean sensible heat flux. Moreover, within a first order approximation, the process variance is proportional to the drag coefficient and the variance of the product of wind velocity by temperature gradient. The decrease in these 2 variables explains the reduction in sensible heat variance in the DEF experiment.
It is also noteworthy that the NE-DEF surface air temperature does not significantly differ from that of the NE-CTL run (Table 2 ). This could be explained by a compensating role of the different components of the surface energy balance, which is written as: where E s indicates the energy content of the soil, R s is the net surface radiation defined as the sum of shortand long-wave contributions and LE and SH refer to latent and sensible fluxes, respectively. The enhanced evaporation moistens the lower troposphere which, in turn, generates more clouds, which causes a decrease in the downward short-wave radiation but an increase in the downward long-wave radiation. The net terms of short-and long-wave radiation are shown in Fig. 4c and d, respectively. In order to account for the surface energy balance, for any given PDF of Fig. 4 we computed the areas (as definite integrals), since, unlike the mean values, these also take into account the variance of the PDFs. By solving the surface energy balance equation, results show that the energy budget does not change much between the NE-CTL and NE-DEF simulations. As a consequence, weak and non-significant decreases in surface temperature were found. Concerning the AFF simulation, and hence the fluxes computed for the CE subregion, both the CE-CTL and CE-AFF latent heat fluxes show a bimodal behavior (Fig. 5a) , with a marked tendency to reduce the evaporation in the CE-AFF case, likely due to increased stomatal resistance, which in summer limits the evapotranspiration. As previously explained, the bimodality is mainly due to the difference in the soil moisture conditions during June-July and August. In central Europe, where the main LCC of the AFF simulation occurs, the components of surface hydrological cycle (latent heat and soil moisture) are characterized The CE-AFF sensible heat flux shows a reversal behavior with respect to the NE-DEF case, i.e. the mean and the variance increased (Fig. 5b) . As a matter of fact, the reduction of the latent heat is compensated for by the increase in the sensible heat flux mean, while the increase in the surface drag coefficient enhances the turbulence production and, in turn, the sensible heat variance.
Also in this case, it is noteworthy that the CE-AFF surface air temperature did not significantly differ from that of the CE-CTL run (Table 2 ). This could be explained by a compensating role of the different components of the surface energy balance. Fig. 5c and d show the net terms of short-and long-wave radiation, respectively. The changes in the PDFs (Fig. 5c,d ) are mainly related to the reduced evaporation in CE-AFF which dries the lower troposphere which, in turn, causes an increase in the incident short-wave but a decrease in the downward long-wave radiation. Additionally, by considering all the PDFs integral of Fig. 5 to solve the surface energy balance, we found that the differences in surface energy budget between CE-CTL and CE-AFF were reasonably low.
Unlike the net short-wave radiation PDF computed for the NE subregion (Fig. 4c) , there is a strong bimodality in net short-wave radiation in the CE subregion (Fig. 5c ) in both the CTL and AFF simulations. Generally, the bimodality could be related to different clear-sky/cloud conditions. However, the bimodality found in CE is related to the latent heat bimodality and is mainly due to the downward component. More precisely, by removing August, during which the soil is in a drier state and the latent heat shows a different equilibrium, the short-wave bimodality disappears, as does the latent heat bimodality. Since bimodal evapotranspiration leads to a water liquid content in the lower troposphere with the same shape, and RegCM3 uses the Delta-Eddington scheme (Briegleb 1992 ) which takes into account the water and cloud scattering to compute the downward radiation, the bimodality in the net short-wave radiation can be related to the latent heat biomodality.
Differences in atmospheric circulation
As regards induced mesoscale circulation, we verified how the previously analyzed changes in surface variables, such as surface fluxes, influence the lower tropospheric circulation. We analyzed the summer season, which showed significant differences in surface fields between perturbed and control runs. In Fig. 6 , we show the wind vector and temperature anomalies at 960 hPa for the DEF and AFF simulations. Since the larger changes in air temperature occur at 960 hPa, we refer to this level for the following analysis. Above 925 hPa, the LCC-induced climate changes are weakened and only marginally significant. The larger and significant change between 2 m and 960 hPa temperature is mainly related to the differences in turbulent fluxes; as previously described (see Section 3.1), at soil level the changes in heat fluxes are compensated by the change in surface radiation so that the energy balance does not substantially change , and hence the 2 m temperature does not show significant changes. However, the modification of turbulent fluxes induced by LCC in turn modify the planetary boundary layer (PBL) height and the distribution of energy inside the lower troposphere. As a consequence, the 960 hPa (and also the 925 hPa) temperature significantly differs from that of the CTL run.
The summer-averaged condition in the CTL run features an anti-cyclonic pattern covering most of central Europe and the Mediterranean region. In the DEF simulation, the stomatal resistance reduction (Table 2) leads to an increase in the evapotranspiration (see previous paragraph). Where the LCC takes place, the cooling at the surface, related to higher soil moisture and soil heat capacity, reduces the sensible heat flux. The other relevant change is the reduction in the surface friction due to LCC.
The differences in horizontal wind vectors between the DEF simulation and the CTL run shows an anticyclonic circulation at 960 hPa located on the northeastern side of the Carpathian Mountains (Fig. 6a) . The maximum temperature anomaly amounts to -1.8 K. The anti-cyclonic circulation originates as a change of the surface friction owing to the substitution of mixed forest and evergreen needle-leaf forests with crops. The friction change directly affects the vorticity balance at the surface. According to the vorticity equation in the PBL, the friction creates a vertical gradient in vorticity. A secondary circulation then develops to reduce the vertical gradient of vorticity created by friction. The reduction of friction in the DEF simulation results in a reduced vertical vorticity gradient, and in anti-cyclonic circulation in the wind differences field. In our simulations, the analysis of fields related to the convection seems to suggest (i.e. no significant differences in the rainfall field and in turn in the latent heat release) that vorticity changes are mainly related to changes in friction. Nevertheless, further simulations should be performed in order to quantify the impact of thermally induced changes in vorticity.
In the AFF simulation (Fig. 6b) , the surface difference flow features a large cyclonic circulation centered over the Adriatic Sea and covering most of the Euro- ) and temperature (color scale, K) at 960 hPa over the summer season (June-August) between the control run and the (a) deforestation and (b) afforestation simulations. The contour lines indicate where these differences are statistically significant (t-test, p < 0.01) pean continent. The maximum temperature change is over western-northern Europe, as is the change in the wind differences field. The maximum temperature anomaly amounts to +1.2 K. The cyclonic circulation originates from an increase in the surface friction as a result of the covering of most of the European continent with deciduous forests. Additionally, the friction change directly affects the vorticity balance at the surface. The increase in friction results in an enhanced vertical vorticity gradient for the AFF simulation, which produces the strong cyclonic circulation shown in Fig. 6b . The temperature increase in the PBL is mainly related to enhanced sensible heat flux of the AFF simulation (see Section 3.1.). Two regional wind patterns were affected by the AFF simulation: the Aetesians and the Gulf of Lion winds. The cyclonic circulation weakens the Aetesians in our simulations. For the Gulf of Lion winds, the rising friction in the AFF simulation increases the northerly wind component, enhancing the wind channeling over the Rhône valley and resulting in a stronger wind over the Gulf of Lion with respect to the CTL run.
Impact on extreme events
Climate is defined not simply as average temperature and precipitation but also by the type, frequency and intensity of weather events. LCC-induced climate change has the potential to alter the prevalence and severity of extremes such as heat waves, cold spells, storms, floods and droughts. Though simulation of changes in these types of events under a changing climate and different boundary condition is difficult, understanding vulnerabilities to such changes is critical to the assessment of impacts on human health, society and the environment.
According to the IPCC definition (IPCC 2007), extreme events are commonly considered those rarer than the 1st, 5th or 10th percentile (at one extreme) or the 90th, 95th or 99th percentile (at the other). Warm nights or hot days are those exceeding the 90th percentile of temperature, while cold nights or days are those falling below the 10th percentile. Heavy precipitation is defined as daily amounts greater than the 95th (or for 'very heavy', the 99th) percentile.
In the present study, climate extreme events are generally related to unusual values of daily maximum and minimum surface temperatures or precipitation amounts. Hence, changes in these variables between DEF and AFF simulations and the CTL run were analyzed, considering mean values and selected percentiles (90th for maximum temperature) to quantify the intensity of extreme events. Taking into account the maximum daily 2 m temperature, we found a high impact of LCCs on summer hot days. Fig. 7 shows the difference in the number of the days during which the temperature is > 90th percentile between the 2 perturbed simulations and the CTL run. The values of the extreme temperature were computed from the CTL run; from this simulation we also computed the number of days with the daily maximum temperature above the threshold of the 90th percentile. Hence, this last step has been repeated in the DEF and AFF simulations, considering the CTL 90th percentile as the threshold to account for the number of summer hot days. Finally, we plotted the anomalies in term of days.
Results show a decrease in the number of summer hot days within the DEF simulation (Fig. 7a) , with the greatest change (around 20 d) centered in Eastern Europe, where the maximum LCC occurs. This result is in agreement with the results in Fig. 6a , indicating that deforestation induces a general cooling of surface and low troposphere temperature. On the other hand, the AFF simulation generates an increase in the number of summer hot days with respect to the CTL run (Fig. 7b) . The area where a significant change in the frequency of summer hot days occurs covers all the afforested regions with maximum values up to 18 d in southern France and in Italy (south of the Alps).
To untangle which is the main mechanism responsible for these extremes, we repeated the same analysis considering the long-wave and short-wave fluxes and sensible heat flux variables (data not shown). In the former case, we considered the effect of the lower tropospheric moistening or drying on the surface radiative balance, and consequently on the surface temperature. In the latter case, we examined the effect of the surface drag change due to LCCs on the variability of the sensible heat flux and, in turn, on the surface temperature. Based on such an analysis, our results point out that the sensible heat flux is the main variable affecting the change in distribution of temperature (i.e. extremes).
These results suggest that the decrease (increase) in the number of summer hot days in DEF (AFF) simulations is mainly due to a change in sensible heat flux extremes. The modifications of sensible heat PDF are mainly due to change of the surface drag, and consequently of the turbulent fluxes within the PBL. The change in the turbulent fluxes affects the variability of the 2 m temperature PDF, and consequently the extremes, while the reasonably low differences in surface energy budget between the control and the LCC experiments, leaving the 2 m temperature mean unchanged.
For precipitation, we found that LCC does not generate changes in summer heavy rain events in the DEF or the AFF simulations.
DISCUSSION
In the present study, certain land -atmosphere interactions were investigated by means of the regional climate model RegCM3 to identify the sensitivity of the local and regional climate to deforestation and afforestation in the Euro-Mediterranean area. The deforestation scenario represents an extreme substitution (forests with crops), especially in eastern Europe where the main forests are located. The changes in the AFF experiment, which lead to a substitution of crops with forests, are spread over a relatively larger area covering almost all of central Europe.
The simulation results show how LCCs are able to modify both the thermodynamics and dynamics of the lower troposphere in central Europe, particularly during summer. During winter, the European atmospheric conditions are influenced by translating and developing synoptic-scale disturbances, which are advected into the model domain through its lateral boundaries (Heck et al. 2001) . As a consequence, vegetationinduced effects cannot locally accumulate to substantial amplitude, so only weak changes were found during winter in both the DEF and AFF simulations. During summer, the weather in southern-central Europe is frequently characterized by the occurrence of highpressure systems with weak large-scale advection, and hence favourable meteorological conditions to analyze the intrinsic atmospheric sensitivity to the land surface (Heck et al. 2001) . We found significant changes in surface climate with regard to heat fluxes, while both temperature and precipitation showed just a few significant points spread over the domain.
In the DEF simulation, the significant changes in latent (and sensible) heat are confined mainly to eastern Europe, where the main LCCs take place. In winter, the LCCs induce a reduction of the evapotranspiration owing to the lower transpiration of the grass with respect to mixed forest. On the other hand, in summer a reversal in sign of latent heat occurs. The enhanced summer evapotranspiration in the DEF simulation is due to a greater amount of water in the soil layers with respect to the control run as a consequence of less evapotranspiration during winter, and to a different partition of the available surface energy between sensible and latent heat fluxes due to drag coefficient change.
In the AFF simulation, we observed a reverse behaviour with reduced evapotranspiration and increased sensible heat flux during summer. As a matter of fact, the LCC modifies the evaporation by increasing the stomatal resistance and the sensible heat flux by increasing the surface drag coefficient. Both changes concur to reduce the evaporation during summer and, therefore, to increase the sensible heat variance.
Despite the significant differences in surface fluxes, t-test results showed that mean temperature in the DEF and AFF simulations is the same as the mean temperature in the CTL run; in other words, the LCC does not affect the mean surface temperature (and precipitation). However, significant vegetation-induced changes in temperature have been found in the lower troposphere for summer. Deforestation results in a cooling of the lower atmosphere, while afforestation leads to a warming of PBL. These changes are mainly ascribable to the reduction (increase) of friction in the A hot day occurs when the daily maximum temperature is greater than the 90th percentile of the control run DEF (AFF) simulation which results in a reduced (increased) sensible heat flux and vertical vorticity gradient, and in anti-cyclonic (cyclonic) circulation in the wind differences field. Finally, a novel feature of the present study is the analysis of the LCC-induced extremes. As stated, in these simulations LCCs do not affect the mean of the 2 m temperature but has a strong impact on the upper tail. We found a high impact of LCCs on the frequency of heat waves (i.e. temperatures greater than 90th percentile). In particular, the DEF simulation decreases the number of summer hot days, while the AFF simulation increases the number of summer hot days. These results agree with the cooling (warming) that deforestation (afforestation) induces in the PBL. Moreover, the analysis of the surface flux extremes suggests that the decrease (increase) in the number of summer hot days in DEF (AFF) simulations is mainly due to a change in the sensible heat flux extremes, which in turn is ascribable to the change of the surface drag and, consequently, to the turbulent fluxes.
In contrast with previous experiments performed for the European domain, we found that the mean surface temperatures show only weakly significant changes with respect to the CTL run, and the changes in heat flux (mainly latent heat) do not significantly affect summer precipitation. In addition, if we consider the temperature at 960 hPa and the upper tail of the temperature PDF, our model results agree with the results of other simulations (Dumeniel Gates & Ließ 2001) performed on Euro-Mediterranean regions. Specifically, as shown in Dumenil- Gates & Ließ (2001) , the DEF simulation leads to a cooling of lowerlevel temperature, while the AFF simulation induces a warming of surface temperature. Heck et al. (2001) also showed a warming in the summer temperature in their afforestation simulation, although the magnitude of the change is not the same as in the present study. However, the difference in terms of amplitude in these results are not surprising because they are strictly affected by the characteristics of the replacement vegetation and the sensitivity of the land surface scheme.
Finally, it is worth noting that this model configuration does not account for the terrestrial carbon cycle and does not compute how it affects climate; hence the results of the cooling (warming) owing to the DEF (AFF) simulation could be slightly different if we also take into account how LCCs modify the greenhouse gas composition. 
